• Mustard seed meals (SM) added to soil >56 days before planting cotton and sorghum reduced negative growth effects.
Nutrient cycling within soil is a continuous process of competing mineralization and immobilization reactions and is related to both the quality and quantity of organic matter (OM) already present in the soil plus these same attributes in organic materials that may be added (Jansson and Persson, 1982; Janssen, 1996) . Nutrients in SMs will ultimately be mineralized when incorporated into soil, but rates for this process have not been well documented. Paul and Solaiman (2004) compared the additions of different sources of OM with changes in soil mineral N. Mustard oil cake (MOC), when compared with sugarcane trash, press mud, and cow dung, had the greatest concentrations of C and N (44.6 and 5.5%, respectively), the narrowest C/N ratio (8:1), and the least lignin concentration (5.3%). Nitrogen is the predominant nutrient deficiency in soils with respect to microbes and plants (Havlin et al., 2005) . A sufficient amount of N and a rather narrow C/N ratio in the OM source must normally be present in order for N mineralization to occur. Nitrogen released from the soil amended with MOC produced the highest amount of mineral N, with concentrations throughout the 84-d incubation period ranging from 106 to 170 mg N kg -1 soil (Paul and Solaiman, 2004) . Soil amended with sugarcane trash exhibited less N mineralization than the control, indicating immobilization. Snyder et al. (2009) characterized Brassicaceae SMs as averaging 50% C, 5.9% N, and 1.3% P by weight. The C/N ratios of the reported SMs (white mustard, 8.2:1; rapeseed, 8.7:1; Indian mustard, 8.2:1) were similar and averaged 8.4:1. A study by Rice et al. (2007) quantified similar N concentrations and C/N ratios in SMs of Indian mustard (5.6% N, 8.5:1), rapeseed (5.3% N, 9.1:1), and white mustard (5.8% N, 8.1:1). Therefore, SMs may have the potential to be utilized as organic sources of N and other nutrients in agricultural production systems.
Although research has shown the efficacy of SMs as biopesticides to inhibit weeds (Vaughn et al., 2006; Rice et al., 2007; Boydston et al., 2008; Hoagland et al., 2008; Rothlisberger et al., 2012) , nematodes (Walker, 1996) , pathogens (Mazzola et al., 2001; Hu et al., 2011) , and even crops (Rice et al., 2007) , few studies have compared SMs with inorganic fertilizer as nutrient sources for agricultural crops. Kucke (1993) documented that rapeseed meal applied as a fertilizer for wheat (Triticum spp.), barley (Hordeum spp.) and sugarbeet (Beta vulgaris L.) increased N uptake and improved yields and crop quality. When used as a soil amendment, rapeseed meals increased total soil N and N concentrations in apple (Malus domestica Borkh.) leaves in both greenhouse and orchard settings (Mazzola et al., 2001) . Snyder et al. (2009) detected higher N concentrations in carrot (Daucus carota L.) shoots with all Brassica SM treatments compared with the control and observed no effects on carrot quality, but did see increases in yield due to increased N availability during the second year of the study. A single application of Brassica SM may potentially provide sufficient nutrients for consecutive growing seasons since Snyder et al. (2009) reported only 55 to 81% of total N was mineralized over a 96-d carrot growing season.
Some SMs have biocidal properties that can negatively affect crop growth as reported by Rothlisberger et al. (2012) , and this possibility must be considered when using SMs as fertilizer to ensure plant growth is not negatively impacted. The objective of this study was to determine the effects of white mustard and Indian mustard SMs on aboveground growth and nutrient uptake by cotton (Gossypium hirsutum L.) and forage sorghum [Sorghum bicolor (L.) Moench] compared with inorganic fertilizer.
MAterIAls And Methods soil and seed Meal Collection and Characterization
Greenhouse studies were conducted using soil collected from the Texas A&M AgriLife Research and Extension Center near Overton, TX. Soil at this site is characterized as Darco loamy fine sand (loamy, siliceous, semiactive, thermic Grossarenic Paleudults) with a pH of 5.6. The soil was air-dried for approximately 21 d, thoroughly mixed, and stored until further use. This soil was chosen due to its sandy texture and low inherent fertility.
Oilseed species chosen for this study were white mustard cv. Ida Gold and Indian mustard cv. Pacific Gold (L.A. Hearne Seeds, Monterey County, CA). A motor-driven screw press operating at 95 to 100°C was used to extract oil from seed. The oil constituted approximately 20 to 30% (by weight) of the two mustard seeds, and approximately 90 to 95% of the total oil content was extracted. The SMs were stored at approximately 0°C until incorporation into soil. Both the soil and SMs were analyzed for total organic C and total N by a combustion procedure (Storer, 1984; Schulte and Hopkins, 1996; McGeehan and Naylor, 1988) . The soil was further analyzed for extractable P, K, Ca, Mg, and S by Mehlich III extractant (Mehlich, 1978 (Mehlich, , 1984 with analysis by inductively coupled plasma (ICP), and micronutrients (Cu, Fe, Mn, and Zn) by extraction with DTPA-TEA (Lindsay and Norvell, 1978) , followed by ICP analysis. Extractable soil NO 3 --N was determined by cadmium reduction and spectrophotometric analysis following extraction by 1 M KCl (Keeney and Nelson, 1982) . Soil pH and electrical conductivity (EC) were determined in 1:2 soil/water extracts using deionized water and a conductivity probe (Schofield and Taylor, 1955; Rhoades, 1982) . Soil texture was determined using the hydrometer procedure (Day, 1965) . Mineral compositions of SMs (P, K, Ca, Mg, S, Na, Fe, Mn, Cu, Zn, and B) were determined by ICP analysis of nitric acid digests (Isaac and Johnson, 1975; Havlin and Soltanpour, 1989) .
Glucosinolate concentrations of white mustard and Indian mustard SMs were determined by high performance liquid chromatograph (HPLC) using methods of two previous studies that quantified glucosinolate concentrations of Indian mustard SM (Hu et al., 2011; Wang et al., 2012) . Expected retention behavior, such as time and sequence, and mass spectra were used to identify individual glucosinolate peaks. Sinigrin monohydrate (Science Lab, Houston, TX) was utilized as internal and external standards (white mustard and Indian mustard, respectively) to determine the major glucosinolate concentrations.
experimental design and data Collection
Treatments included soil applications of white mustard and Indian mustard SMs at 1.0 and 2.5% by weight and compared with nutrient applications using chemical-grade reagents, including NH 4 NO 3 (448 kg N ha -1 15 cm), CaHPO 4 ·2H 2 O (168 kg P ha -1 15 cm), and KCl (336 kg K ha -1 15 cm). Unamended soil was utilized as the control. All treatments and the unamended soil received additions of CaCl 2 ·2H 2 O (336 kg Ca ha -1 15 cm) and MgSO 4 (168 kg Mg ha -1 15 cm) to ensure that Ca and Mg were not limiting. The study design was completely randomized with four replications of each treatment and the control.
Soil and SM mixtures were added to 3.8-L pots. Each pot contained 2 kg of air-dried Darco soil, to which either applications of SM or fertilizer were made, except for the control. Prior to mixing with soil, SM was crushed using a mortar and pestle and sieved to an approximate particle size of <2 mm. Applications of SM were on a dry-weight basis (kg kg -1 ). Seed meal treatments of 1.0 and 2.5% were prepared by adding 20 and 50 g, respectively, of crushed SM to Darco soil. Fertilizer treatments received 1.14 g NH 4 NO 3 , 0.83g CaHPO 4 ·2H 2 O, and 0.58 g KCl pot -1 with all being a single application except NH 4 NO 3 . The second application of 1.14 g NH 4 NO 3 pot -1 was made following the first harvest. All treatments and the control received 1.10 g CaCl 2 ·2H 2 O and 0.74 g MgSO 4 . Seed meals and fertilizer were thoroughly mixed with soil and then added to pots.
To each pot, 480 mL of distilled water was added at the start of the experiment. The gravimetric water content was maintained near 0.238 kg kg -1 by adding water to a constant weight on a daily basis. Perlite was applied to soil surfaces to avoid crusting and erosion of the surface when watering. The pots were left to incubate for 35 d at a temperature of approximately 32°C in a glasshouse before planting. Soil mixtures were not disturbed throughout the incubation. Based on results from a previous germination study , treatments (SM source, application rate, and incubation time) were chosen that should theoretically have maximized DM produced.
Seed of Fibermax cotton variety FM 1735 LLB2 (5 seed pot -1 ) and 4Ever Green forage sorghum (6 seed pot -1 ) were planted at the end of the incubation (35 d after treatment initiation). Soil samples were taken from each pot for nutrient analysis immediately before planting. Total C and N and extractable macro-and micronutrients were analyzed by methods described previously. Samples were obtained by collecting a complete top to bottom core through the depth of the soil mixtures using a 1.0-cm diameter metal tube. Two samples were taken from each pot and combined. Samples for nutrient analysis were dried at ~65°C and then ground using a mortar and pestle to pass a 2-mm sieve. Once samples were taken, the top 2.5 cm of soil were removed from each pot, seed were evenly spaced on the remaining soil, and then the removed soil was carefully replaced.
Cotton and forage sorghum were monitored for seedling emergence and survival, and aboveground dry matter (DM) production and nutrient uptake were determined. Germination measurements began the day following planting, and were then taken daily for a period of 14 d. Sorghum germination was greater than that of cotton in 2.5% SM treatments after 14 d. However, both were poor, averaging only 55.6 and 2.5% germination relative to the control for sorghum and cotton, respectively. Differential tolerance to isothiocyanate phytotoxicity have been reported among plant species that may explain the greater tolerance of sorghum compared with cotton (Stiehl and Bible, 1989; Rothlisberger et al., 2012) . At this time, all plants that had emerged were removed and left to decompose on the soil surface. The soil and SM mixtures were incubated for an additional 7 d (totaling 56 d incubation) and then pots were replanted as previously described. Germination data were then collected for another 14-d period. Fourteen days after replanting, sorghum and cotton were thinned to the one most representative plant per pot and plant heights were recorded every 7 d for a period of 28 d.
Plants were grown for approximately 7 wk and then harvested, with cotton harvested at the soil surface and sorghum 5 cm above the soil surface, so that sorghum plants might ratoon. Wet weights of harvested plant aboveground biomass per pot were measured, with plant material subsequently dried at 60°C until a steady dry weight was reached. Samples were initially ground through a Wiley mill to pass a 1-mm screen and then a subsample was finely ground with a ring and puck mill and analyzed for total C and N and mineral composition as described previously for SM analyses. Nutrient uptake was calculated as the product of plant dry weight and mineral concentration.
Five cotton seed were subsequently replanted into each pot that previously contained cotton. Sorghum was seeded into sorghum replicates that did not have a living plant after the first harvest. Germination was again recorded for 2 wk for both cotton and sorghum treatment replicates that were replanted. Plant growth measurements as described above were taken weekly for another 6 wk, with plants harvested and analyzed as previously described.
statistical Analysis
Plant DM and mineral concentrations and uptake were compared within harvest and for the total of the two harvests within plant species. Soil total C, total N, and nutrient concentrations determined 35 d after amending soil with SM and fertilizer were averaged across plant species since cotton and sorghum had not been planted at time of sample collection. Statistical analysis was conducted using SAS 9.2. Significant treatment effects (P < 0.05) were determined using mixed analysis of variance (ANOVA) and then were subjected to Fisher's protected least squared differences (LSD) tests (α = 0.05).
results soil and seed Meal Characterization
The Darco soil was very low in Na; low in NO 3 --N, P, K, Ca, and Mg; moderate in S; and high in Fe, Zn, and Mn (Table 1) . This sandy soil has an EC value of 0.04 dS m -1 ; therefore, its salinity effects were negligible. Having a sandy loam texture (79.3% sand, 14.2% clay, and 6.5% silt), the study soil had a low buffering capacity for nutrients and pH.
Compositional analysis of SMs indicated that these materials may potentially supply significant amounts of nutrients for plant growth (Table 1) . White and Indian mustard SMs had similar concentrations of total C and N (approximately 50 and 5%, respectively). Carbon/N ratios ranged from 9.7 to 10.1 for these glucosinolate-containing SMs, whereas Darco soil was lower at 4.4 ( Table 1 ). The P concentration of Indian mustard SM was greater table 1. elemental composition of seed meals and carbon and total n and extractable nutrients of soil.
Variable

Soil
Mustard oilseed meal at 11,800 mg kg -1 compared with white mustard (8850 mg kg -1 ). Potassium concentrations of SMs were similar, ranging from 11,000 to 11,400 mg kg -1 . Sulfur concentrations for both SMs were relatively high at 19,400 and 16,800 mg kg -1 for white and Indian mustard, respectively, with at least a portion of S associated with glucosinolates. Glucosinolate extracts from SMs may be utilized as an indicator of the potential biocidal activity that may be produced when Brassicaceae SMs are incorporated into soil. Seed meals used in this study were determined to have different glucosinolate profiles (Hu et al., 2011; Wang et al., 2012) . The dominant glucosinolate compound found in white mustard SM was 4-hydroxybenzyl glucosinolate (glucosinalbin or sinalbin) at a concentration of 150 mmol kg -1 ± 2.3 mmol kg -1 . Concentrations of sinalbin in white mustard SM are reported to range from 90 to 202 mmol kg -1 (Morra et al., 2018) . Indian mustard SM contained several compounds with the dominant one being 2-propenyl glucosinolate (sinigrin) at a concentration of 159 ± 16 mmol kg -1 . These results correspond to those of Rice et al. (2007) and Hansson et al. (2008) , who found the dominant compound contained in Indian mustard SM to be sinigrin at concentrations of 124 ± 15 and 152 ± 12 mmol kg -1 , respectively.
soil total Carbon and nitrogen and extractable nutrients
Soil total C concentrations were not different between the control and treatments prior to the first planting of cotton and sorghum (35 d after treatment initiation), but differences were observed among treatments for soil TN (Table 2 ). Total C tended to be greater with the 2.5% SM treatments compared with the control and the 1.0% SM and fertilizer treatments. For all SM treatments, soil TN concentrations were generally greater (0.8-1.2 g kg -1 ) than either the fertilizer treatment (0.8 g kg -1 ) or the control (0.8 g kg -1 ). Total N of the 1.0 and 2.5% white mustard SM treatments was greater than the control and fertilizer treatment, whereas only the 2.5% rate of the Indian mustard SM treatments was greater than the control and fertilizer treatment.
Prior to the initial planting of cotton and sorghum (35 d after treatment initiation), soil NO 3 --N concentrations ranged from approximately 3 mg kg -1 in 2.5% SM-treated soil to 7 mg kg -1 for the control to as much as 22 mg kg -1 with 1.0% SM treatments, and 57 mg kg -1 in fertilized soil ( Table 2 ). The 1.0% SM applications averaged 18 mg NO 3 -N kg -1 for white mustard and 25 mg kg -1 for Indian mustard SMs. Lower values for 2.5% vs. 1.0% SM applications prior to planting cotton and sorghum possibly indicated inhibition of mineralization or nitrification, or net immobilization with the greater addition rate.
All SM treatments exhibited greater extractable soil P concentrations than the control in pre-plant samples (Table 2) . Extractable P was also greater with the 2.5% SM treatments than 1.0%, possibly implying that mineralization may not have been suppressed by the greater SM application, but that nitrification was inhibited. Extractable P usually was greater for Indian mustard compared with white mustard SM treatments, especially with the 2.5% application rate, possibly because of the greater P concentration in Indian mustard SM (Table 1) . Extractable soil K was increased by SM and fertilizer treatments compared with the control, with increasing rate of SM increasing K ( Table 2 ). The higher rate of added SM also increased extractable soil Ca compared with the control.
Extractable soil Mg and S concentrations were generally greatest with the 2.5% SM addition, followed by the 1.0% SM treatments, with both being greater than that of the control and fertilizer treatment ( Table 2) . Thirty-five days after treatments were initiated, S was on average 22 times greater with the 2.5% SM treatments and three times greater with the control compared to the soil at the start of the experiment (14 mg S kg -1 ). Even though S concentrations were greater in the white mustard SM than Indian mustard (Table 1) , soil S was on average greater with the 2.5% Indian mustard SM treatment (318 mg S kg -1 ) compared to the 2.5% white mustard SM treatment (289 mg S kg -1 ; Table 2 ). Extractable soil Fe was less with the fertilizer treatment in pre-plant samples, possibly due to precipitation by added P. Soil Zn concentrations were significantly greater with the 2.5% white mustard-amended soil compared to all other treatments. All SM treatments had greater extractable soil Mn than either the control or fertilizer treatment.
Seed meals added in sufficient quantity should contain adequate nutrients to satisfy requirements for plant growth (Table 1) , and based on pre-plant soil samples, nutrients were available to plants at moderate to high levels 35 d after amending soil with SM under favorable conditions (Table 2) . Elemental concentrations of SMs were comparable to values of Snyder et al. (2009) , who reported Brassicaceae SMs to average 50% C, 5.9% N, and 1.3% P by weight. Nitrogen and P are often limiting to plant growth and since the SMs used in this study contained significant quantities of both N and P, soil application of SMs may be one way to offset these limitations. Similar to the report by Brown and Morra (2009) , there was some evidence in our study of nitrification inhibition in pre-plant soil samples taken 35 d after SM amendments were added, especially with the 2.5% SM application. Soil NO 3 --N levels in samples receiving the 1.0% SM application were significantly greater than those receiving 2.5% SM additions at this time (Table 2) , which normally would not be expected. 
Germination, Plant height, and dry Matter Yield
The first planting 35 d after incorporating SM into soil resulted in such poor germination (data not shown) that the few plants that had emerged 14 d after planting were removed and returned to the soil surface to decompose. The control and SM mixtures were subsequently incubated for an additional 7 d (56 d of total incubation) before cotton and sorghum were replanted. Germination and survival for the replanting showed no significant differences between treatments (Table 3 ). However, the 2.5% white mustard SM treatment tended to reduce cotton germination and survival than the control and all other treatments. Sorghum survival was most inhibited by both the 2.5% white mustard and Indian mustard SM treatments.
Based on results from a previous germination study by Rothlisberger et al. (2012) and other literature (Rice et al., 2007; Hansson et al., 2008) , it was not expected that cotton and sorghum germination and survival would be inhibited after incubating SM-amended soil for 35 d. Throughout this initial incubation period, dormant weed seed were observed germinating in the control and fertilizer treatments, but this was not the case for most replicates of the 2.5% Indian mustard SM treatment and all replicates of the 2.5% white mustard SM treatment. The probable cause of germination inhibition was glucosinolate-produced toxins, such as 2-propenyl isothiocyanate and ionic thiocyanate (SCN -), hydrolyzed from 159.1 ± 15.9 mmol sinigrin kg -1 SM and 149 ± 2.29 mmol sinalbin kg -1 SM of Indian mustard and white mustard, respectively (Hu et al., 2011; Rothlisberger et al., 2012; Wang et al., 2012) . Much greater cotton and sorghum germination and survival after the replanting, which extended incubation to 56 d, suggested that the potential toxicity originating from SM application decreased by this time (Table 3 ). In strawberry (Fragaria ananassa Duch.), Indian mustard, and white mustard, SM applied at equal rates (6.75 Mg ha -1 ) to soil caused damage to plants after a 28-d plantback period, whereas, Indian mustard SM resulted in no observed phytotoxicity symptoms 46 d after application (Mazzola et al., 2017) .
Plant heights on each measurement date prior to the first harvest were significantly different between treatments and the control for both cotton and sorghum, with significance generally decreasing with time. On Days 14 and 21, the 2.5% white mustard SM treatment resulted in significantly shorter cotton plants compared with the control and other treatments (Fig. 1a ). By Day 28, plants receiving this treatment became statistically similar in height to the control plants. Cotton plants grown in the control and 2.5% white mustard SM treatment were similar in height from Day 28 to the end of the study, with plants grown in 2.5% white mustard-amended soil being shorter during this period than all treatments except the control. Cotton plants receiving inorganic fertilizer, both rates of Indian mustard SM, and 1.0% white mustard SM treatments were similar in height throughout most of this first growth period.
Trends for sorghum height varied somewhat from that of cotton ( Fig. 2a ). Not only did the 2.5% white mustard SM treatment negatively affect sorghum plant heights, but so did this same application rate of Indian mustard SM. Plants grown in these treatments, and especially 2.5% white mustard, were much shorter than plants of the control and other treatments ( Fig. 2a ). Plant heights tended to be similar for the inorganic fertilizer and 1.0% SM treatments throughout the growth period. Decreased heights with 2.5% SM treatments indicated that detrimental effects on sorghum growth from these amendments, presumably from associated glucosinolates, were still occurring more than 2 mo following SM application.
Cotton plants prior to the second harvest followed a similar growth pattern as that of the first harvest ( Fig. 1) . Differences in Fig. 1. Cotton plant heights over a 49-d period prior to the first (a) and second (b) harvests. Means within measurement date followed by the same letter are not significantly different according to Fisher's protected lsd (α < 0.05). WM and IM denote white mustard and Indian mustard, respectively.
height were not statistically observed, however, until 49 d after planting (Fig. 1b ). Prior to harvesting, plants in the 2.5% white mustard treatment were significantly shorter and different than only the fertilizer treatment. This may be the result of greater persistence of white mustard SM's active chemistry (benzyl ionic thiocyanate) in soil systems than that of Indian mustard SM (allyl isothiocyanate) (Handiseni et al., 2011) . Both application rates of Indian mustard and the 1.0% white mustard SM treatments resulted in plant heights statistically similar to the inorganic fertilizer treatment.
The ratoon, or second, crop of sorghum followed similar growth patterns as the first, but heights of plants from the second harvest exceeded those of the first harvest for several treatments (Fig. 2a, 2b) . At each measurement date, sorghum grown in 2.5% white mustard SM-amended soil was significantly shorter than all other treatments and the control (Fig. 2b) . At the end of the 49-d growth period and before the second harvest, the 1.0% Indian mustard and white mustard SM treatments resulted in plant heights that were not different from the control and fertilized treatment, whereas sorghum with the 2.5% Indian mustard treatment at 49 d was intermediate to the fertilizer treatment and control, but not statistically different from either one. Seed meal applied at the 1.0% application rate did not exhibit negative effects on plant growth; therefore, it is likely that a SM application rate >1.0 and <2.5% may not only control weeds , but should also enhance the growth of crops when used properly.
Treatments significantly affected both cotton and sorghum aboveground DM at the first harvest (P = 0.004 and P < 0.0001, respectively). Dry matter followed a similar trend as plant height of both crops. Cotton DM was least with the control and 2.5% white mustard SM treatment (Fig. 3a) . Seed meal applications of 1.0% produced similar DM compared with the fertilized treatment and these were all greater than the control for both cotton and sorghum (Fig. 3a, 3b ). White mustard applied at 2.5% resulted in the least sorghum DM, again indicating the longer-term negative effects from this treatment on sorghum growth (Fig. 3b ). Sufficient residual toxicity apparently remained in the 2.5% white mustard SM treatment for cotton and both the 2.5% white and Indian mustard SM treatments for sorghum at 56 d to significantly decrease growth (Fig. 3a, 3b) .
Aboveground DM from the second harvest of both cotton and sorghum followed similar trends as the first harvest, but slight increases were seen with 2.5% SM applications (Fig. 3) . Cotton DM with the fertilizer treatment was similar to all treatments except the control and 2.5% white mustard SM treatment (Fig. 3a) . Unlike the first harvest, however, the 2.5% white mustard SM treatment at the second harvest resulted in greater cotton DM than the control. Sorghum DM produced with the 2.5% white mustard treatment in the second harvest was similar to the control, but DM with all other SM treatments were similar to the fertilizer treatment (Fig. 3b) . Fig. 2. sorghum plant heights over a 49-d period prior to the first (a) and second (b) harvests. Means within measurement date followed by the same letter are not significantly different according to Fisher's protected lsd (α < 0.05). WM and IM denote white mustard and Indian mustard, respectively. Fig. 3. Aboveground cotton (a) and sorghum (b) dry matter (dM) from the first and second harvests. Means within cotton or sorghum for the first (lowercase letters) or second (uppercase letters) harvest followed by the same letter are not significantly different according to Fisher's protected lsd (α < 0.05). WM and IM denote white mustard and Indian mustard, respectively. Sorghum DM with the 2.5% Indian mustard treatment generally increased from the first to the second harvest.
Aboveground DM of cotton and sorghum tended to increase with the 2.5% white mustard and Indian mustard SM treatments from the first to the second harvest (Fig. 3) . Residual toxicity from these SMs apparently decreased during the first growth period, resulting in improved production in the second period. It is recommended that SM applied at 2.5% or greater be allowed a period of time longer than 56 d for toxins to degrade. Hansson et al. (2008) reported a shorter time period of 44 d for the biologically active secondary compound (ionic thiocyanate) of white mustard to degrade in soil. However, approximately 16 times less SM than the higher application rate in our study was added in their experiment.
Plant elemental Concentrations and uptake
At the first and second harvests of cotton, treatment differences were noted for nearly all plant nutrient concentrations and uptake (Tables 4 and 5) . Seed meals and fertilizer treatments generally resulted in values greater than the control, except for Ca concentrations in cotton for both harvests. Cotton N concentrations were greatest with 2.5% SM treatments, followed by the 1.0% SM and fertilizer treatments for the first and second harvests, respectively. Cotton N uptake was similar to N concentration trends noted above.
Cotton P concentrations for the first harvest ranged from 1889 mg kg -1 (control) to 9225 and 10,505 mg kg -1 (2.5% white mustard and Indian mustard SM, respectively), and 3495 mg kg -1 for the fertilizer treatment (Table 4 ). The 2.5% white mustard and Indian mustard treatments resulted in cotton P concentrations that were significantly greater than any other treatment by the second harvest (Table 5 ). The K concentrations of cotton plants grown in 2.5% SM-amended soil were significantly greater than the control and 1.0% white and Indian mustard treatments for both the first and second harvests (Tables 4 and 5 ). Potassium concentrations of cotton for the first harvest were significantly greater with the 2.5% SM treatments than the fertilizer treatment, but by the second harvest significant differences were not observed between the 2.5% Indian mustard and fertilizer treatments. Sorghum N concentrations were greatest with the 2.5% SM applications, followed by 1.0% SM for both harvest (Tables 6 and 7) . Sorghum N uptake in the first harvest, however, was suppressed with the 2.5% white mustard treatment but not any other SM treatment, which were all equivalent or greater than the fertilizer treatment. The low sorghum DM produced at the first harvest with the 2.5% white mustard SM treatment (Fig. 3b ) resulted in less N uptake. Although sorghum DM at the second harvest was still depressed with the 2.5% white mustard SM application compared with other treatments, the greater N concentration resulted in the greatest N uptake with this treatment (Table 7) . Seed meals applied at the higher rate also produced the greatest sorghum P concentrations and correspondingly greater P uptake (Tables 6 and 7) . Seed meals applied at 2.5% also resulted in the greatest sorghum K concentrations; however, K uptake was less with 2.5% white mustard SM at the first but not the second harvest compared with other treatments. As mentioned previously and the opposite of any other cotton nutrient parameter, Ca cotton concentrations for both harvests with the 2.5% white and Indian mustard SM treatments were significantly less than the control and fertilizer treatments (Tables 4 and 5) . The same trend existed for sorghum (Tables 6 and 7) . By the second harvest of cotton and sorghum, Ca plant concentrations increased to a small degree in 2.5% SM-amended soil, but Ca concentrations still tended to be lower than for other treatments (Tables 4-7) . Although soil Ca concentrations were greatest in the 2.5% SM treatments compared with the control and other treatments (Table 2) , plant Ca concentrations were least with these treatments. Similar results were also reported by Parsons et al. (2007) , who found that liquid dairy manure applications decreased soybean Ca seed concentrations compared with the control and fertilizer treatment. Also, Chaudhry et al. (1964) demonstrated decreased Ca uptake by rice when the soil K concentration increased, a phenomenon that potentially may result from competition between excessive soil K and Ca (Reneau et al., 1983) .
Magnesium concentrations and uptake were also generally less with 2.5% SM treatments for the first harvest of cotton and sorghum but not by the second; however, results for 1.0% SM treatments were generally greater than the fertilizer treatment, especially for sorghum. Sulfur concentrations of cotton and sorghum were generally greater with the 2.5% SM treatments compared with other treatments. The 1.0% SM treatments resulted in greater S plant concentrations and uptake than the fertilizer treatment for the first harvest but not the second. This result most likely is due to the high concentrations of SM S, some of which originated from glucosinolates. Iron, Zn, and Mn concentrations of cotton and sorghum were generally greater with the 2.5% SM treatments compared with the control for the first harvest, but were greater than both the control and fertilizer treatment by the second harvest (Tables 4-7) . Using SM amendments in organic production, particularly of fruits and vegetables, should result in enhanced nutritional quality of food.
Seed meals, even applied at a low rate (e.g., the 1.0% rate), can result in significant loading of nutrients to soil, thus increasing the potential for greater available nutrients for plant uptake compared with the fertilizer treatment. Applying white and Indian mustard SMs at a 1.0% rate was equivalent to 1120, 210, and 290 kg N, P, and K ha -1 , respectively. Mustard SMs can potentially be used as organic sources of nutrients for plant growth, but negative consequences may arise from over-loading the soil with nutrients when added at high rates or when insufficient time is allowed between SM application and crop seeding to ameliorate glucosinolate inhibition.
suMMArY And ConClusIons
Seed meals have potential benefits as soil amendments to suppress weeds and enhance nutrient availability, but if applied too close to planting, may be inhibitory to plant growth and production. Aboveground DM and plant height of both cotton and sorghum were adversely affected by the addition of SM to soil, particularly that of white mustard applied at 2.5% during both the first and second growth periods. The increased DM from the first to the second harvest with the 2.5% white and Indian mustard SM treatments indicated that toxicity effects were diminishing by this time. Negative plant effects were not observed with 1.0% SM applications. Seed meal applied at 1.0% resulted in similar growth and production compared with the inorganic fertilizer treatment. Also, the second harvest of sorghum grown in 2.5% Indian mustard SM yielded similar DM as that of the fertilizer treatment.
Although plant growth was affected, nutrient availability did not seem to be suppressed, except for lowered NO 3 --N concentrations in pre-plant soil samples with the 2.5% SM treatments. Soil total N and extractable P were either similar to or greater in the 1.0 and 2.5% SM treatments compared with the fertilizer treatment. Plants grown in SM-amended soil, compared with fertilized soil, had greater concentrations of N, P, and K. Nutrient uptake from 2.5% SM-amended soil generally was reduced due to less DM produced with these treatments.
Applying SMs at a rate of 1.0% by weight decreased the potential for inhibition of plant growth while significantly increasing soil nutrient availability. In some soils and with improper management, even the quantities of nutrients added with 1.0% SM may prove excessive, and may contribute to leaching, runoff, and denitrification losses. Although not all nutrients added in SMs with SM will become available for plant uptake during the first growing season, the amount of N and other nutrients mineralized should satisfy the crop demands for at least one and possibly several harvests. A minimum mustard SM incubation period of 56 d is proposed to prevent negative crop growth effects and should also result in increased nutrient availability. Utilization of mustard SM in organic farming systems may be an effective way to utilize biodiesel by-products, while maintaining or even improving soil chemical properties and crop growth.
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